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The purpose of our work, here described, is to
establish the mean energy requirements of human
skin, indirectly, as measured by the oxygen
absorption. The requirements of the epidermis
are differentiated from the whole skin and these
values are related to the energy requirements of
other organs of the body, and to the body as a
whole.
The dynamic functioning of the skin is diffi-
cult to evaluate, because many of the forms of
work done by this organ cannot be measured
quantitatively. It follows, therefore, that the
efficiency with which the skin carries out many
of its functions is unknown. This is doubly true
because the energy requirements of skin are also
largely unknown. Consequently, many physio-
logical relationships of the skin to other organs of
the body cannot be described, nor eaa the
deviations of the energetics of the skin from
normal be elucidated in various pathological
conditions. An approach to resolving many of
these unknowns would be to measure the energy
requirements of the skin. Thus, a knowledge of
the proportion of total body' energy require-
ments needed by the skin, at rest and in con-
ditions of stress, as well as in pathological con-
ditions, would further our understanding of the
normal and pathological physiology of the skin.
The energy requirements of a tissue can be
expressed most conveniently in terms of heat.
Routinely, heat production of a tissue can be
measured most easily by determining the oxygen
absorbed by the tissues, and the carbon dioxide
eliminated, and expressing these measurements
* From the Departments of Dermatology, The
Boston City Hospital and Tufts University School
of Medicine (Bernard Appel, M.D., Physician-in-
Chief and Chairman and Professor, respectively)
and tthe Department of Physiology, Boston
University School of Medicine and the Depart-
ment of Dermatology, The Boston City Hospital,
Boston, Mass. (Supported in part by a contribu-
tion from Chas. Pfizer & Co., Inc.)
Presented at the Eighteenth Annual Meeting
of The Society for Investigative Dermatology,
Inc., New York, N. Y., June 1, 1957.
1
in terms of heat equivalents. This indirect
measurement of heat production is valid because
ultimately the energy for a tissue is obtained
from the oxidation of proteins, fats and carbo-
hydrates. During the .actual measurement of
oxygen consumption by a tissue, it is assumed
that potential energy is not stored and that the
amount of energy derived from glycolysis is
slight.
MATERIALS AND METHODS
Biopsy specimens of human skin,t without
anesthesia, taken from about 7.5 cm. below the
shoulder, on the lateral aspect of the arm of
individuals of varying age, sex and race were used
in the study for normal values. Pathological skin
was obtained from patients at the site of active
pathology. The biopsy specimens were obtained
with an electric motor driven 6 mm. punch. Im-
mediately after removal, the skin was placed in
Ringer's solution of the following composition:
NaCl 0.900%
KC1 0.042%
CaC1, 0.062%
NaHCO, 0.060%
Glucose 0.100%
The pH under room air was 7.60.
The skin was sectioned by means of the Deutsch
technic (1) into slices which varied from 0.1 to
0.3 mm. in thickness. The first slice contained the
epidermis and varying proportions of the dermis,
while subsequent slices consisted only of dermis.
After the sectioning, each slice was divided into
two portions with a razor blade, and one portion
(about one-third) was placed in 10% aqueous
formalin for histological study. The remaining
portions were placed in Warburg flasks for respira-
tory measurements.
The Warburg flasks (volume 4.5 ml.) contained
1.5 ml. of the Ringer's solution and 0.05 ml. of
* Normal human skin was obtained from non-
dermatological patients in The Boston City Hos-
pital or from dermatological patients not having
lesions on or near the biopsy site. This skin is
termed "normal skin", but the word "normal"
is used with reservation.
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20% KOH in the center well in which was a strip
of filter paper. The flasks were mounted on manom-
eters with small capillary bores of 0.25 mm.
diameter and then were placed in the constant
temperature bath at 37°C. Room air was used as
the gas phase. The average time from biopsy to
bath was 20 minutes. With the small volume flasks
and the fine capillary manometers, the flask con-
stants ranged from 0.2 to 0.3, thus increasing the
sensitivity of the system from 5 to 7 times over
that of standard size Warburg systems.5 This
order of increased sensitivity permitted reliable
manometer measurements related to the tissue
oxygen consumption. Initial studies were done
utilizing the hydraulic leverage principle (2) with
increases of sensitivities up to 25 times that of
normal, but such orders of sensitivities were
determined by us to be unnecessary for accurate
measurements for this study.
After the flasks had been placed in the bath,
a 30 minute equilibration period was allowed. The
open ends of the manometers were connectd to a
pressure bottle submerged in the bath, thus re-
ducing the effects on the systems of changes in
room pressure. Room temperature was controlled
by a thermostatically controlled air conditioner.
Ten minute manometer readings were made for
two to three hours, following the equilibration
period. The tissues were then removed from the
flasks, dried in a hot air oven for 18 hours at 105°C,
then weighed to 0.02 mg. on a semi-micro balance.
Oxygen consumption (Qo2) was expressed as
microliters (hours—1) (mg.'). Dry weight of tissue
was used in our calculations of oxygen consump-
tion.
Those portions of the tissue slices which were
placed in formalin were mounted in carbowax (3),
sectioned perpendicular to the plane of the tissue
and stained with hematoxylin and eosin. The
sections of dermis were examined microscopically
for the presence of epidermis; none was found.
The sections containing both epidermis and dermis
were projected on paper and the epidermal and
dermal portions were traced separately. The trac-
ings were then cut and weighed, and the percent-
age of epidermis and dermis in each section was
calculated from these weights. These percentages
were then used for calculating the respiration of
pure epidermis by means of the following expres-
sion:
Q0,(E) = Q02(E + D) — 1Q01(D) X %D]
Q02(E) = Qo2 of epidermisQo(E + D) = Qo2 of specimen containing
epidermis and varying
amounts of dermis
Qo2(D) = Qo2 of dermis
= per cent of dermis in section
containing epidermis
The Qo2 values of epidermis, therefore, are
calculated from the above expression and not
directly determined. The accuracy of these values
depends upon the assumptions that a) the per-
centages of epidermis and dermis as determined
from the histological sections truly represent those
of the portions of tissues used for the respiratory
studies, and that b) the specific gravity of the
epidermis is equivalent to that of the dermis.
The calculations of Qo2 of the epidermis were
further expressed by subtracting the percentage of
corneum contained in the epidermal-dermal
sections. It was assumed that the Qo2 of the
stratum corneum was zero.
NORMAL SKIN
The results of the respiratory determination
on 22 normal skin biopsy specimens are listed in
Table 1. With the biopsy number in the first
column are listed the age, sex and race of the
individual from whom the specimens were taken.
In the adjoining columns are listed the respiratory
rates of the epidermal-dcrmal sections [Q02(E +
ID)], the dcrmal sections tQo2(D)], and the cor-
rected values for epidermis alone [Q02(E0)] and
epidermis without corncum [Q02(E — C)],
calculated according to the procedure described
above. The determined percentages of epidermis
in the epidermal-dermal sections with and
without corneum respectively are also shown.
Satisfactory slides were obtained from only 16
of the 22 specimens, because of the technical
difficulties inherent in making histological sec-
tions of the small amount of tissue used.
The specimens were obtained from 12 females
and 10 males. Nineteen were white, three were
Negro; the average age was approximately 56
years.
From Table 1 it can be seen that the mean
Q02(E + ID) was 2.03 0.31, while the mean
Q02(D) was 0.49 0.12. The epidermal-dermal
tissue, therefore, respired on the average ap-
proximately 4 times the rate of the dermal tissue
alone. The range of values was large—from
0.17 to 7.24 for the epidermal-dermal tissue and1-%D
* We used American Instrument Co. Warburg * Throughout this article the sign indicates
apparatus with specially blown small flasks, the standard deviation about the mean.
Q02(E + D)
Qo2 (D)
Qo,(E0)
— C)
RESPIRATION OF HUMAN SKIN 3
TABLE 1
from zero to 2.35 for the dermis. This range
probably reflects a large number of uncontrolled
variables influencing the respiration of human
epidermis and dermis, such as age, sex, nutrition,
endocrine balance, etc. With regard to the
respiration of the dermis, the data indicates that
the respiration may actually be at times zero or
close to zero. We feel that this is a valid finding
and that these values are not technical artifacts.
A paired comparison test for thc significance
of the difference between the means of
Q02(E + D) and Q02(D) showed a p value of
<0.01; thus, the difference in the respiration of
the two sections was highly significant despite
the variability of the individual values.
The histological studies showed that the tissue
slices containing the epidermis also usually
contained dermis in varying amounts. Two slices
contained no dermis, i.e. the tissue was composed
entirely of epidermis, while one slice contained
88% dermis and only 12% epidermis. The
average amount of epidermis in the slices was
52%. Figure 1 shows examples of the histological
sectioning from which the percentages of epi-
dermis and dermis in the slices were determined.
The percentages of epidermis in the sections are
listed in Table 1.
In order to arrive at a closer approximation
of the respiration of epidermis per se,
the Q02(E + D) values were calculated, as
previously indicated, for the amount of dermis
present. The corrected values, Q02(E), are
Respiration of the epidermis and dermis of normal human skin
Age Sex Race Qo,(E + D) Qo,(D) Q02(Ee) % Epidermis Qo,(E — C) %(E — C)
1 70 M W 0.17 0.38
2 85 M W 3.67 1.71 3.76 84 7.89 38
3 67 M W 1.17 0.22
4 75 F W 2.28 0.86
5 81 M W 2.86 2.35
6 28 F W 5.07 1.57 5.07 100 7.88 64
7 43 F W 0.54 0.74
8 69 F W 2.91 0.26 7.57 36 7.01 40
9 55 M W 1.92 0.08 1.92 100 2.33 83
10 83 M W 1.58 0.03 2.44 65 3.86 41
11 76 F W 0.19 0.00 1.57 12
12 55 F W 0.98 0.16 2.22 40 2.16 42
13 33 F N 2.08 0.58 11.61 14 5.73 31
14 59 M W 1.46 0.66
15 40 F W 7.24 0.36 11.38 62 10.01 72
16 50 F W 3.00 0.03 4.55 72 8.03 41
17 65 F W 0.67 0.10 1.49 47 2.01 30
18 50 F W 0.56 0.00 1.43 39 2.07 27
19 25 M N 2.50 0.06 4.97 50 7.20 34
20 67 M W 1.29 0.50 2.10 50 3.10 34
21 67 M W 1.75 0.21 8.88 18
22 34 F N 0.75 0.06 1.54 47 0.16 65
Mean 58 2.03
0.31
0.49
0.12
4.53
1.39
52 4.97
0.81
46
Paired comparison t = _____ of Qo,(E + D) and Qo,(D): p <0.01
= Qo2 of specimen containing epidermis and varying amounts of dermis.
= Qo, of dermis.
Qo, of epidermis, corrected.
= Qo2 of epidermis minus corneum.
4 THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
listed in Table 1. The mean of the 16 values was
4.35 1.39, varying from 1.49 to 11.61. The
mean corrected value for Q02 of the epidermis,
therefore, was approximately 9 times that of the
dermis. When the Qo1 of the epidermis is cal-
culated without the corneum, Q01(E — C), the
value increases to approximately 5 0.81 which
is 10 times that of the dermis.
FIG. Ia. Histological section from biopsy in case No. 6 (X 40). 'the corneum is twisted and displaced
as a result of the technic. This specimen represents 100% epidermis.
FIG. lb. Histological section from biopsy in ease No. 16 (X 50). This specimen represents 72% epi-
dermis.
FIG. ic. Histological section from biopsy in case No.21 (X 30). This specimen represents 18% epider-
mis.
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% EPIDERMIS IN SECTION
Fsa. 2. The relationship between the oxygen
uptake and the per cent of epidermis in sections
containing both epidermis and dermis. The linear
regression line calculated from the data shows
good agreement with the mean obtained from the
histological section calculations.
In general, the greater the percentage of
epidermis in the epidermal-dermal section, the
greater the rate of respiration. This is clearly
brought out by Figure 2, where the Q02(E + D)
values are plotted against the % epidermis in the
sections. The line is a linear regression line
calculated from the data. The relationship be-
tween the two variables, Qo2 and % epidermis
in the section, is specifically expressed as:
Q02(E + D) = 0.18 + 0.04 X % epidermis
When the epidermis in the sections equals 100%,
then the mean respiration of the sections,
Q02(E + D), would be 4.18 according to this
equation. The calculated mean by the histologi-
cal tracing method, Q02(E0), was 4.53, and thus
is in good agreement with the mean obtained
from the regression expression. If the amount of
epidermis in the section were set at zero, then
the regression line mean value now for 100%
dermis, would be 0.18. The mean value experi-
mentally found for dermis, Q02(D), was 0.49,
higher than that indicated on the regression
line. This discrepancy is partly due to the fact
that the mean respiration of the dermis from the
16 biopsies which were used in calculating the
regression line was lower, Q02(D) = 0.35, than
that found for all 22 biopsies, Q02(D) = 0.49.
This lower value for dermal respiration is the
value which must be used when comparing the
respiration of pure epidermis with dermis. It is
also possible that the percentage of epidermis
as determined histologically, mean = 52%, was
in reality too high, since an error in this direction
would also tend to cause the discrepancy. Re-
gardless, the values for the respiration of dermis
and of epidermis, as extrapolated from the re-
gression line, are in good agreement with the
experimental determined respiration of dermis
and the calculated respiration of epidermis,
Q02(E). This especially substantiates the validity
of using the formula for calculating the respira-
tion of epidermis from the epidermal-dermal
sections and indicates that the assumptions in-
herent in the use of the formula are essentially
correct. We believe that it can be stated with
confidence, therefore, that the mean respiration of
the normal epidermis, 4.53, is 13 times that of the
mean respiration of the associated dermis, 0.35.
PATHOLOGICAL SKIN
Up to the present time, the number of biopsy
specimens of pathological skin has been con-
siderably less than the number of normals;
therefore, we draw no conclusions at present.
For pathological skin, the Qo2 was determined
for neurodermatitis disseminated, neuroderma-
titis circumscribed, dermatitis venenata (both
experimentally induced and naturally occurring),
psoriasis and pemphigus. The Qo2 of pathological
skin, for the most part, has fallen within the
range obtained for normal skin. As our series
become larger, it is possible that significant dif-
ferences will be demonstrated.
In circumscribed neurodermatitis, the mean
Qo2 of the epidermis, corrected without corneum,
in six cases was 5.55. The Qo2 of the dermis was
0.32. It was postulated that hydrocortisone
would alter the Qo2 of the skin showing neuro-
dermatitis due to its well known therapeutic
effect. We used the water soluble compound
hydrocortisone diethylaminoacetate hydrochlo-
ride.* After allowing two hours for the usual
oxygen uptake, 1 mg. of this hydrocortisone
compound was added to the flask containing the
specimen of skin and values were again obtained
for the two succeeding hours. The epidermis
showed a decrease in oxygen uptake after the
hydrocortisone compound was added; the mean
Qo2 was 2.22.
* Kindly supplied by M. Carlozzi, M.D., Pfizer
Laboratories.
002 ((*0)
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DISCUSSION
One of the problems to be Considered whenever
Warburg respirometer studies are done on sliced
tissue is whether the rate of consumption of
oxygen by the tissue is limited by the rate of
diffusion of the oxygen into the tissue. Such a
situation exists most commonly when the thick-
ness of the tissue slice, and thus the diffusion
distance, is excessive. Warburg developed an
expression which quantitatively equates the
tissue thickness with the oxygen consumption, if
the rates of diffusion through the tissue and the
oxygen tension outside the tissue are constant
(13). Using Warburg's formula, calculation for
the thickness of the tissue used in the above
experiments would indicate a maximum possible
respiration of the tissue, on a diffusion basis, of a
rate of 8.02 microliters per hour per mgm. of dry
tissue. In our experiments the tissue respiration
was not limited by diffusion because the Qo2 of
the sections never reached this maximum theoret-
ical value.
The values for human skin, as determined by
our experiments, agree in general with those
reported by other workers. Wohigemuth and
Klopstock (4), in 1926, reported experiments in
which they determined the Qo2 of skin taken
from amputated limbs or obtained from plastic
surgery. The skin was sliced mechanically by a
razor blade, parallel to the surface, in a manner
similar to our technic; after 10 experiments, they
found that the respiration of the epidermal-
dermal sections averaged 2.1, varying from 1.0 to
3.8. The Qo2 of their deeper layers averaged
0.51, in 6 experiments, varying from 0.0 to 2.0.
These values agree closely with our mean values
of 2.03 for the epidermal-dermal sections and
0.49 for the dermal sections in 22 experiments.
Wohlgemuth and Klopstock did not offer an
estimation for the respiration of epidermis alone.
They did state, however, that the more epi-
thelium in the dermal sections, the more the
values of these sections approached those found
for the epidermis.
Amersbach et al. (5) in 1941 reported on Qo,
values from 17 biopsies of human skin. No
differentiation between dermis and epidermis was
made. Their average value was 1.48 0.48.
Barron, E. S. Guzman et al. (14) in 1948 also
reported similar results on whole human skin in
their investigation of enzyme systems.
Buhmann, A. (6) in 1935 reported Q°, values
Qo, values (,41. X hrr' X my. dry wt. of tissue—1)
of human tissues
Cerebral cortex 10.3
Gastric mucosa 9.6
Salivary gland 6.3
Lymph nodes
Tonsil
5.9
5.1
Epidermis*
Embryo lung
Gastric smooth muscle
4.5
3.7
1.3
Uterine muscle 0.6
Dermis* 0.5
* These figures are from our experiments
reported.
here
from 10 biopsy studies of normal human skin.
He also separated the epidermis from the dermis
mechanically, as previously described, and re-
ported that the average Qo, for the epidermal-
dermal sections was 1.5, varying from 0.5 to
2.5. The respiration of the dermis was not de-
termined. He presented photomicrographs of tbe
epidermal-dermal sections and the respiration
of the sections was corrected according to the
percentage of dermis, under the assumption that
the dermis does not respire. His corrected values
gave an average Qo2 of 2.6, which he considered
to be the respiration of pure epidermis. This
conclusion is not valid, however, since our
experiments, as well as those of Wohlgemuth and
Klopstock, show that there is oxygen consump-
tion by the dermis and that, quantitatively, this
oxygen consumption may be responsible for the
major portion of the respiration in an epidermal-
dermal section.
Lerner, A. B., (7) in his chapter in Rothman's
Physiology and Biochemistry has postulated
correctly that the respiration of epidermis alone
is significantly higher than values for whole skin.
Our data now enables us to compare the
respiration of human epidermis alone and dermis
alone, with the respiration of other human tissues.
Table 2 contains a list of Qo, values for various
human tissues determined in vitro by Warburg
technic, using glucose Ringer's solution. The
values, excepting those for the skin, were obtained
from the W.A.D.C. Technical Report: Hand-
book of Biological Data (8). The skin values in
this table represent our own findings. The epi-
dermal value represents the corrected respiration,
Q02(E0). As is apparent from reviewing Table 2,
TABLE 2
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TABLE 3
Weight and oxygen consumption of various organs
and regions of the body
Organ nr Reginn
Wei htg
—.-——-——
Kg
Oxygen
Cnnsumption
mi/mm
Entire body
Liver andintestines.. .
Kidneys
Brain
Heart
Skeletal muscles
Skin, total
Epidermis
Dermis
Residual tissue
63.0
2.6
0.3
1.4
0.3
31.0
3.8
(0.5)
(3.3)
23.6
100.0
4.0
0.5
2.0
0.5
50.0
6.0
(0.8)
(5.2)
37.0
250
50
18
57
22
50
16*
(9*)
(7*)
37
100
20
6
23
9
20
7
(4)
(3)
15
Totals 63.0 100.0 250 100
* These figures are from our experiments here
reported.
the dermis has the lowest rate of oxygen con-
sumption of the human tissues studied. Epidermal
respiration appears to be substantially higher
than that of smooth muscle and, possibly, of
lung tissue.
The magnitude of the epidermal respiration
becomes quite significant when the extensiveness
of the skin as an organ is considered. For example,
in Table 3, various regions of the body are listed,
together with their respective weights, percent-
ages of total body weight, estimated values for
their individual rates of oxygen consumption as
well as in terms of percentage of total body oxy-
gen consumption. The data of Table 3, other than
that for skin, is taken from Schmidt (9). We
have inserted the data for the skin from our own
experimental results. All the values are derived
from direct measurements on man. The value for
the epidermis is based on the assumption that the
skin comprises about 6% of the body weight and
that the epidermis by weight is about fi of the
dermis (10, 11). Assuming that the values in the
table are correct, then the skin of man requires,
in the resting state, about 7% of the total oxygen
consumption, 4% due to the respiration of the
epidermis, the remainder, to the dermis.
If the values are expressed in terms of Calories,
assuming a respiratory quotient for the skin of
0.84, and a thermal equivalent per liter of oxygen
of 4.85 Calories, then the average normal heat
production of whole skin would be 4.68 Calories
per hour. The heat production for epidermis and
dermis separately would be 2.64 and 2.04 Calories
per hour respectively.
The data of our experiment show that a large
degree of variation exists among the individual
values for dermal and epidermal respiratory
rates and is evidenced in the rather large standard
errors. This in itself may prove to be of interest.
Part of the large variability in our data is prob-
ably due to the fact that human material is
much more heterogeneous than is animal tissue.
The age, sex, race, etc. of the individuals from
whom the biopsies were taken may contribute to
the scatter in the results. Large variations in
oxygen uptake of human skin, measured in vivo,
were also obtained by Ernstene and Yolk (12) in
studies on cutaneous respiration. The influence of
sex, age and the periodicity of skin respiration are
currently being investigated in our laboratory.
In spite of the large variation in the individual
results, the respiration of epidermis is higher
statistically than the dermal respiration. This is
understandable; one would expect the epidermis
to be more active metabolically than the dermis be-
cause of its functions of cell division and growth.
There is reason to suspect that the normal
energy requirements of the skin would be altered
in various disease states, either autochthonous as
in psoriasis (6), neurodermatitis, etc., or second-
arily due to hyperthyroidism, diabetes, etc. There
is almost no data available in this regard and,
therefore, we feel that our forthcoming data will
be of some interest and value.
No general statement can be made concerning
pathological skin from our preliminary studies.
We present the data for their face value only.
Studies are continuing on the oxygen uptake of
pathological skin and of the effect of therapeutic
agents. It is hoped that these studie4 will con-
tribute to the physiology of the respiration of
normal skin and its functional relation to the
rest of the body and organ systems.
SUMMARY
The respiration of human skin was studied by
the Warburg technic. The studies involved
mechanical separation of the epidermis from most
of the dermis and calculating the respiration of
the pure epidermis. In 22 biopsy specimens of
normal skin, the mean Qo2 for the dermis was
0.49 0.12. The calculated Qo2 in 16 specimens
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for pure epidermis was 4.53 1.39. The epi-
dermal-dermal difference was highly significant
statistically.
Preliminary studies in pathological skin are
still in too early a stage to be conclusive.
It was estimated that the skin requires 7%
of the normal, resting, total body oxygen con-
sumption: 4% for the epidermis, 3% for the
dermis. In terms of heat production this repre-
sents 2.04 and 2.64 Calories per hour for the
dermis and epidermis respectively, or4.65 Calories
per hour for the skin as a whole. The significance
of these findings is discussed.
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DISCUSSION
DR. NICHOLAS NICOLAIDE5 (Chicago, Ill.): I
should certainly like to compliment Dr. Leibsohn
on a very fine presentation and mention at this
time that we have also found results which com-
pare remarkably close with what he found, using
a somewhat different technic. We compared the
metabolic activity of the dermis and the epidermis
of the forearm by observing the uptake of radio-
activity into the fatty acids when the two types
of skin slices were separately incubated with 1
C'4 acetate (J. I. D. 24: 125—29 (1955)). We
found that the uptake of radioactivity into the
epidermal fatty acids was 10 times greater than
that in the dermis. This is remarkably close
agreement with the respirational studies just
reported.
We also found, and I suggest that the authors
do this some time with their technic, that palm
epidermis was ten times more active than forearm
epidermis and palm dermis was ten times more
active than forearm dermis.
DR. EUGENE LEIBSOHN (in closing): Thank
you, Dr. Nicolaides for your kind remarks. We
appreciate the information about the related
work which you have been doing. At present we
are following your suggestion of selecting different
skin sites for our studies. We are also considering
the influence of race, age, sex, and certain physio-
logical cycles on the energy requirements of
human skin.
